Nonlocal quantum correlation is at the heart of bizarre nature of quantum physics. While there are various classes of nonlocal quantum correlation, steerability of a quantum state by local measurements provides unique operational features. Here, we theoretically and experimentally investigate the 'hidden' quantum steerability. In particular, we find that there are initially unsteerable states which can reveal the steerability by using local filters on individual quantum systems. It is remarkable that a certain set of local filters are more effective on revealing steerability than Bell nonlocality whereas there exists another set of filters that is more effective on revealing Bell nonlocality than steerability. Finally, we present a counter-intuitive result that mixed states originating from non-maximally pure entangled states can have hidden steerability while the mixed state from a maximally pure entangled state fails to show steerability.
I. INTRODUCTION
Since Einstein, Podolsky and Rosen suggested the EPR paradox, nonlocal quantum correlation has been understood as one of the most peculiar nature of quantum physics [1] . While entanglement has attracted a lot of attention, it has been known that there are other classes of nonlocal quantum correlation such as Bell nonlocality and quantum steerability. [2] [3] [4] [5] . Among them, steerability of quantum states by local measurements, which was first suggested by Schrödinger [6] , provides unique operational features of quantum theory.
Although the concept of quantum steerability has been recognized from the early stage of quantum physics, its definition and mathematical description have been recently introduced [3, 4] . The operational meaning of quantum steerability can be understood as follows. Let us assume that Alice prepares two systems A and B in an entangled state and sends the system B to Bob. Bob agrees that the prepared state is steerable if Alice can control the state of system B with only local measurements on her system A, and the degree of controllability cannot be explained by local hidden state (LHS) model. This interpretation leads a remarkable consequence that verification of quantum steerability can be considered as verification of entanglement with an untrusted party (here, Alice), and thus, all the steerable states are entangled. However, it is notable that not all the entangled states guarantee steerability [3, 4] . On the other hand, Bell nonlocality, another nonlocal quantum correlation determined by local hidden variable (LHV) model, guarantees the steerability, while the reverse is not true [7] . Therefore, quantum steerability lies between entanglement and Bell nonlocality.
Besides the entanglement verification, quantum steerability can be a resource for secure quantum communica- * tanu.pra99@gmail.com † yong-su.kim@kist.re.kr tion when one of the systems (here, the system A) is not trusted as a quantum system. This scenario is known as one-sided device independent quantum key distribution (1s DI-QKD) [8] . Similarly, Bell nonlocality guarantees the security of quantum key distribution in fully device independent manner known as DI-QKD [9] [10] [11] [12] . Note that the implementation of 1s DI-QKD is more practical than that of DI-QKD since quantum steerability is more robust against environmental noise and losses than Bell nonlocality [13] [14] [15] .
The characterization and quantification of quantum steerability are, therefore, of great importance not only for fundamental quantum information science but also for applications in quantum communication. Due to difficulty in finding LHS model for mixed entangled states, however, characterizing steerability is not a simple task. It becomes even more complicated since there are unsteerable states that become steerable when local measurements are performed on multiple copies of the pairs rather than a single copy [16] . Note that this phenomenon is called super-activation of quantum steerability, and a similar phenomenon can also be found in Bell nonlocality [17] [18] [19] .
In this paper, motivated by hidden Bell nonlocality [20] [21] [22] [23] [24] [25] , we theoretically and experimentally investigate the revealing of 'hidden' quantum steerability by using local filters. In particular, we present that there exist bipartite states, which are initially not steerable, can become steerable with the help of local filtering operations on the individual systems. Remarkably, we found that there exists a certain set of local filters that is more effective on revealing steerability than Bell nonlocality while there are another set of filters which is more effective on revealing Bell nonlocality than steerability. We also present a counter-intuitive result that mixed states which are obtained from non-maximally pure entangled states can show hidden steerability for more wide range of a mixing parameter than the mixed state originated from a maximally pure entangled state. Let us first briefly introduce the mathematical descriptions of quantum steerability [3, 4] . According to the LHS model, the correlation P (a A , b B ) between the measurement outcomes a and b of the observables A and B on the systems A and B can be written as
where P (λ) is the distribution of hidden variables. The subscript Q presents that Bob's probability distribution is obtained from the measurement of observable on the quantum system B. Therefore, a bipartite state ρ shared by Alice and Bob is said to be steerable from Alice to Bob if there exist measurement strategies for Alice and Bob for which the joint probability distribution P ρ (a A , b B ) given by
cannot be explained by the LHS model of Eq. (1). Experimentally testable steering criteria can be derived from the operational definition of steering. According to the operational definition, if Alice can control the state of Bob's system, then Alice can project the state of Bob's system in the eigenstate of an observable chosen from the set of two non-commuting observables with the precision higher than the predicted value by uncertainty principle. Several steering criteria have been derived based on different forms of uncertainty relation along with the LHS model [26] [27] [28] [29] [30] [31] [32] .
In order to check the steerability of ρ, we use the fine-grained steering criterion [28] . Note that while the fine-grained steering criterion utilizes two observables for each system, it provides the same steerable-unsteerable boundary with that of the criterion with infinite number of observables. According to the fine-grained steering criterion, the state ρ is steerable (from Alice to Bob) if the conditional probability distribution P (b B |a A ) violates the inequality of
Here, A 1,2 and B 1,2 are non-commuting observables chosen by Alice and Bob, respectively.
B. Hidden quantum correlation
In order to investigate hidden quantum correlation, let us assume that Alice and Bob share a bipartite state of
where
, and I denotes the identity 2 × 2 matrix. Note that the parameters p and θ hold the following conditions of p ∈ [0, 1], and θ ∈ [0, π 4 ], respectively. For simplicity, we define a parameter γ to determine the ratio between |00 and |11 as
The noise model of the state ρ can be described as follows. Alice prepares a bipartite entangled state of |ψ θ , and sends one of the particles to Bob while keeping the other. If the transmission channel has depolarizing noise with probability of 1 − p, the shared two-qubit state will become ρ as in Eq. (4).
Let us consider entanglement, Bell nonlocality and steerability of the state ρ. Here, we provide the results of the estimation with only brief explanation. Detailed estimation procedure can be found in Appendix.
Considering concurrence of the state ρ [33, 34] , it is not difficult to find that ρ is entangled for p > 1/3. For investigating Bell nonlocality, we need to consider the correlation matrix Λ ρ as
where {i, j} ∈ {x, y, z} and σ i s are Pauli matrices. The eigenvalues of Λ ρ T · Λ ρ , where the superscript T denotes for transposition, are p 2 and p 2 sin 2 2θ (with degeneracy). Hence, according to the Horodecki criterion [35] , the state ρ is Bell nonlocal if
In order to check the steerability of ρ, we need to examine the steering inequality of Eq. (3). For simplicity, we choose A 1 , B 1 = σ z and A 2 , B 2 = σ x . Note that the above observables are optimized for pure entangled states |ψ θ , so it can reveal all the steerable states [28] . Then, the left-hand side of Eq. (3) becomes T = (2 + p + p sin 2θ)/4 for ρ. Hence, the state ρ is steerable if
In order to reveal hidden quantum correlation, we first examine the local filters of Alice and Bob as
After the local filters, the initial state ρ becomes a Werner state as
The filtered state ρ F is entangled for p > 1/3. The eigenvalues of (Λ ρ F ) T · Λ ρ F are p 2 (with degeneracy), and thus, ρ F is Bell nonlocal for p > 1/ √ 2. Therefore, the state ρ shows hidden Bell nonlocality with local filters of
Since the final state ρ F is a Werner state, it is steerable for p > 1/2 [3, 4, 28] . Therefore, local filters of Eq. (9) reveals hidden steerability for 1/2 < p ≤ 1 1+sin 2θ of the state ρ. Note that for the region of
, ρ shows hidden steerability but not Bell nonlocality. This result clearly shows that hidden steerability is distinct from hidden Bell nonlocality. Now, let us consider another local filters of
The filtered state ρ G is complicated, however, can be obtained by the state transformation of
The filtered state ρ G is entangled for p > 1/3. Based on the Horodecki criterion [35] , the state ρ G is Bell nonlocal for
On the other hand, the steering parameter T of Eq. (3) of the state ρ G is calculated as
Thus, the state ρ G is steerable for p > δ, where δ = cot θ − cos 2 θ(cot θ + 2) − 7 sin θ cos θ + sin 2 θ csc 4 θ(6 sin 2θ + 5 sin 4θ + 6 cos 2θ + 10) 2(−2 sin 2θ + cos 2θ + 2) .
Therefore, the state ρ shows hidden steerability for any value of p chosen from
We summarize different regions of quantum correlation of the state ρ of Eq. (4) with respect to the parameters θ and p in Fig. 1 . It shows that, for θ = π/4 or γ = 1, the states ρ become Werner states and they do not show any hidden quantum correlation. As θ decreases, both F A,B and G A,B become effective and the states reveal hidden quantum correlation. Let us present the results of applying F A,B . As shown in Eq. (10), F A,B make the initial state ρ which has biased γ > 1 to a Werner state ρ π/4 or equivalently γ = 1 while keeping the parameter p unchanged. Therefore, F A,B uncover hidden Bell nonlocality and steerability of ρ up to those of the Werner state ρ π/4 . In Fig. 1 , these are represented as horizontal straight lines.
The results of applying G A,B are more interesting. Comparing to F A,B , the region for hidden Bell nonlocality is decreased. However, the region for hidden steerability is enlarged comparing to the F A,B case. Therefore, if we determine the effectiveness of local filters as the area of uncovered nonlocal correlation region, G A,B are less effective on revealing Bell nonlocality than F A,B . On the other hand, G A,B are more effective on uncovering steerability than F A,B . These results intimate the structural different between Bell nonlocality and steering.
It is remarkable that as θ → 0 (or equivalently, γ → ∞), the region of hidden steerability revealed by G A,B is broadened while the regions of other quantum correlation contracted or remain the same. Note that the amount of entanglement decreases as θ → 0 for a fixed p. Therefore, it suggests a counter-intuitive result that mixed states from non-maximally pure entangled states can have hidden steerability for more wide range of a mixing parameter than the mixed state originated from a maximally pure entangled state.
III. EXPERIMENT Figure 2 shows the experimental setup to explore hidden quantum correlation. First, let us describe the initial state preparation as shown in Fig. 2 (a) . Maximally polarization entangled photon pairs of |ψ =
(|HH + |V V ) centered at 780 nm are generated at a sandwich BBO crystal via the SPDC process pumped by a femtosecond pump pulse centered at 390 nm. Here, |H and |V denote horizontal and vertical polarization states, respectively. The sandwich BBO crystal, which is composed of two type-II BBO crystals and a half waveplate, is specially designed for efficient generation of two-photon entangled states [36] . Each of the entangled photon pairs is then sent to Alice and Bob, respectively.
The parameter θ or equivalently γ is controlled by partially polarizing beamsplitters (PPBS) at Alice. The transmitivity of horizontal and vertical polarization states of the PPBS are T H = 1 and T V = 1 3 , respectively. The depolarizing channel can be implemented by statistically mixing identity (I) and three Pauli operations (σ x , σ y , σ z ) with a set of waveplates (QHQ) placed at Bob [37] [38] [39] . The noise parameter p is determined by adjusting the ratio of the single-qubit operations during the data acquisition.
Since we use the single-photon polarization qubits, the local filters F 1,2 and G 1,2 correspond to polarization dependent loss [40] . As depicted in Fig. 2(b) , the local filtering operations are implemented by a set of beam displacers (BD) and half waveplates (HWP) for high phase stability [41] . While the vertically polarized beam is transmitted through the BD1, the horizontal polarization state is displaced after the BD1. Then, the polarization state at each arm is flipped by the following HWP at 45
• , and two beams are combined together at BD2. The amount of the polarization dependent loss can be adjusted by changing the angles of HWPs between two BDs. In order to restore the flipped polarization state, we put a HWP at 45
• after the second BD.
The experimental tests of Bell's and steering inequalities require various two-qubit projection measurements, which can be implemented by waveplates, polarizers, and single-photon detectors as shown in Fig. 2(c) . The coincidence detection between Alice and Bob is achieved by a home-made coincidence counting unit [42] .
In order to obtain maximal Bell parameter S, Alice and Bob should choose different observables for different shared states [43] [44] [45] . In particular, for the states ρ, Alice and Bob choose their observables of A ∈ {σ z , σ x }, and B ∈ {σ z cos ϕ 1 + σ x sin ϕ 1 , σ z cos ϕ 2 + σ x sin ϕ 2 } where ϕ 1 = π + arctan 4γ/(1 + γ) 2 and ϕ 2 = arctan − 4γ/(1 + γ) 2 , respectively. For Werner states ρ F , Alice's and Bob's observables are A ∈ {σ z , σ x }and
For the case of ρ G , A ∈ {σ z , σ x }, and B ∈ {σ z cos ϕ 1 + σ x sin ϕ 1 , σ z cos ϕ 2 + σ x sin ϕ 2 } where ϕ 1 = π + arctan
, respectively.
We present the theoretical and experimental Bell parameter S with respect to the parameter p for γ = 1 and 9 in Fig. 3 (a) . Note that theoretical values for ρ with γ = 1 and ρ F with γ = 9 are the same since both states are Werner states. For γ = 1, we only present the results for ρ since both local filters F A,B and G A,B become identity. Both theoretical and experimental results show that the Bell parameter S decreases as noise increases or equivalently p decreases. For γ = 9, we can see that though both filters of F A, B and G A, B can reveal hidden Bell nonlocality, F A, B are more effective than G A, B to uncover Bell nonlocality. For example, G A, B fails to uncover hidden Bell nonlocality for p = 0.8 while F A, B successfully find it. It is noteworthy to remark that the region of hidden Bell nonlocality can be as large as that of the state ρ with γ = 1 (i.e., mixed states originated from maximally pure entangled state) with the local filters F A,B , and never exceed this limit. This means that the hidden Bell nonlocality boundaries of mixed states from non-maximally pure entangled states can be stretched to the Bell nonlocality boundary of the mixed state from maximally pure entangled states.
The steering inequality of Eq. (3) is tested with the observables of A, B ∈ {σ z , σ x }. In particular, the steering parameter T is experimentally obtained by the equation given as,
where N XY denotes the coincidence counts of X and Y projection measurements on Alice and Bob, respectively. The subscripts H, V, D, and A are horizontal, vertical, diagonal, and anti-diagonal polarization states, respectively. Figure 3 (b) presents the theoretically and experimentally obtained steering parameter T with respect to the parameter p of the states ρ, ρ F and ρ G for γ = 1 and 9. Similarly to the Bell nonlocality result, the theoretical values of ρ for γ = 1 are identical to those of ρ F with γ = 9. It shows that while both F A, B and G A, B can reveal hidden steerability, G A, B are more effective than F A, B for uncovering hidden steerability. In particular, G A, B successfully uncover hidden steerability for p = 0.5 while F A, B fails. In addition, we note that the states with p = 0.6 and 0.5 show hidden steerability while they fail to show hidden Bell nonlocality. These results clearly show that the region for hidden steerability is more wide than that of hidden Bell nonlocality.
It is interesting to compare the results of ρ with γ = 1 and ρ G with γ = 9. Both theoretical and experimental results clearly shows the steerability boundary of ρ G with γ = 9 can reach smaller p, meaning more noise, than that of ρ with γ = 1. In particular, for p = 0.5, ρ G with γ = 9 states successfully reveal steerability whereas ρ with γ = 1 fails. This experimental result supports our theoretical finding that mixed states from non-maximally pure entangled states can have hidden steerability for more wide range of the noise parameter than the mixed state originated from a maximally pure entangled state.
IV. CONCLUSION
In conclusion, we have theoretically and experimentally investigated revealing of hidden steerability with local filtering operations. We have proven that hidden steerability is distinguishable from hidden Bell nonlocality by showing that there are quantum states which reveal hidden steerability, but fail to show hidden Bell nonlocality. We have investigated two sets of local filters and found that one filter set is more effective on revealing hidden Bell nonlocality whereas the other is more effective on uncovering hidden steerability. We have also presented a counter-intuitive result that mixed states from non-maximally pure entangled states can have hidden steerability even when the mixed state originated from a maximally pure entangled state does not have steerability. Considering the fundamental importance and applications of quantum steerability in quantum information science, our findings provide a better understanding of nonlocal quantum correlation and paves the way towards secure quantum communications. 
The concurrence of the state ρ is 
Therefore, concurrence of the state ρ G is
It is not difficult to obtain the Bob's observables corresponding to maximum value of the Bell parameter S ρ G as For the observables of A, B ∈ {σ z , σ x }, the conditional probability distribution P (b = 0 B |a = 0 A ) for the shared state ρ becomes P (0 σz |0 σz ) = 1 + p 2 , P (0 σx |0 σx ) = 1 + p sin 2θ 2 .
Therefore, the steering parameter T given by Eq.(3) for the outcomes a = b = 0 becomes
i=z,x P (b = 0 σi |a = 0 σi ) = 2 + p + p sin 2θ 4 .
The value of the steering parameter T for Werner state ρ F can be obtain from Eq. (C2) for the choice θ = π/4, and it becomes
Similarly, the conditional probability distribution P (b = 0 B |a = 0 A ) for the shared state ρ G becomes P (0 σz |0 σz ) = (p + 1) cot θ (p + 1) cot θ − p + 1 , P (0 σx |0 σx ) = 2p (p + 1) csc θ sec θ − 2p + 2 .
Therefore, the steering parameter T of the state ρ G for the outcomes a = b = 0 becomes 
